New bulk glassy (Cu 0:6 Hf 0:25 Ti 0:15 ) 98 M 2 (M = Mo, Ta and Nb) alloys with high thermal stability were synthesized and the effects of additional elements Mo, Ta and Nb on the glass formation and corrosion behavior were examined. The maximum diameter for glass formation of the 2 at%Mo, 2 at%Ta and 2 at%Nb alloys was 1.5 mm, 3.5 mm and 4.0 mm, respectively. The corrosion behavior of the Cu-Hf-Ti-(Mo, Ta and Nb) glassy alloys was examined by weight loss and electrochemical measurements. By substitution of 2 at%Mo, Ta or Nb for the Cu 60 Hf 25 Ti 15 alloy, the corrosion rates of the alloys decreased to 1=2 in 1 N HCl and two orders of magnitude in 3% NaCl solution. It was also found that substitution of elements Mo, Ta and Nb for the Cu 60 Hf 25 Ti 15 glassy alloy was effective on decreasing anodic passive current density in 3% NaCl solution.
Introduction
Since the success of forming bulk glassy alloys with a large supercooled liquid region before crystallization and good mechanical properties in Ln 1) and Mg 2) based systems by a copper mold casting method in late 1980's, a number of bulk glassy alloys have been prepared in multicomponent systems such as Zr-, 3, 4) Ti-, 5) Fe-, 6) Pd-Cu-, 7) Ni- 8) and Co- 9) alloys. Among these bulk glassy alloys, high tensile fracture strength comparable to compressive fracture strength has been obtained only in Ln-, Mg-, Zr-and Pd-Cu-based bulk glassy alloys with good ductility. The tensile strength level has been reported to be 1500 to 1800 MPa for Zr-based alloys, 1600 MPa for Pd-based alloys, 1200 MPa for Labased alloys and 800 MPa for Mg-based alloys. Very recently, new Cu-based bulk glassy alloys with high tensile strength and significant plastic elongation have been formed in Cu-Zr-Ti, 10) Cu-Hf-Ti, 11) Cu-Zr-Hf-Ti, 12) Cu-Zr-Ti-Y, 13) Cu-Zr-Ti-Be 14) and Cu-Zr-Ti-(Nb, Ta) 15) systems. The tensile strength level for the Cu 60 Zr 30 Ti 10 glassy alloy reaches 2000 MPa and the corrosion behavior of the Cu 60 Zr 30 Ti 10 and Cu-Zr-Ti-(Mo, Ta and Nb) glassy alloys has been reported in various solutions in detail. 16) Meanwhile, the higher tensile strength level for the Cu 60 Hf 25 Ti 15 glassy alloy reaches 2130 MPa accompanying the distinct plastic elongation and the largest diameter was 4.0 mm. However, there have been no data on corrosion resistance of the bulk glassy Cu-Hf-Ti alloys. In order to enable the use of this new type of metallic bulk glasses as an engineering material, the glassy alloys must have high chemical stability in the environments in service. Therefore, it is of great importance to investigate the corrosion behavior and subsequently to evaluate the effects of additional elements on glass-forming ability (GFA) and corrosion resistance of the Cu-based metallic glasses. This work aims to present the corrosion resistance of the bulk Cu 60 Hf 25 Ti 15 glassy alloy and the effects of a small amount of additional elements Mo, Ta and Nb on the glass formation and corrosion behavior of the Cu-Hf-Ti-(Mo, Ta and Nb) alloys.
Experimental
Multicomponent alloys with nominal compositions of (Cu 0:6 Hf 0:25 Ti 0:15 ) 98 M 2 (M = Mo, Ta and Nb) were examined in the present work. Alloy ingots were prepared from the mixtures of pure Cu, Hf, Ti, Mo, Ta and Nb metals by arc melting in an argon atmosphere. Bulk glassy samples in a cylindrical rods with diameters up to 4.0 mm were prepared by copper mold casting. Glassy structure was identified by Xray diffraction and the absence of micrometer scale crystalline phase was examined by optical microscopy. Thermal stability associated with glass transition temperature (T g ) and onset temperature of crystallization (T x ) was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s.
Corrosion behavior of the glassy alloys was evaluated by weight loss and electrochemical measurements. Prior to immersion test and electrochemical measurements, the specimens were mechanically polished in cyclohexane with a silicon carbide paper up to No. 2500, degreased in acetone and dried in air. Electrolytes used were 1 N HCl, 3% NaCl, 1 N H 2 SO 4 , 1 N HNO 3 and 1 N NaOH aqueous solutions, which were prepared from reagent grade chemicals and distilled water. Electrochemical measurements were conducted in a three-electrode cell using a platinum counter electrode and a Ag/AgCl reference electrode. Potentiodynamic polarization curves were measured with a potential sweep rate of 50 mVÁmin À1 after immersing the specimens for 20 min when the open-circuit potentials became almost steady. The corrosion rates were estimated from the weight loss after immersion for one or two weeks in the solutions open to air at 298 K. After immersion test, the specimen was washed in distilled water, dried in air and subjected to weight loss measurement.
Results and Discussion
Firstly, we examined the effect of additional elements Mo, Ta and Nb on glass formation of the Cu-Hf-Ti-(Mo, Ta and Nb) alloys. Figure 1 shows the X-ray diffraction patterns of the cast (Cu 0:6 Hf 0:25 Ti 0:15 ) 98 M 2 (M = Mo, Ta and Nb) rods with maximum diameters of 1.5-4.0 mm. All the diffraction patterns consist only of a broad peak and no any distinct crystalline peaks are seen for all the rod samples, indicating that a glassy phase is formed in the investigated compositional range. Figure 2 shows the DSC curves of the Mo-, Ta-and Nbcontaining bulk glassy alloys with a diameter of 1.5 mm, together with the data of the Cu 60 Hf 25 Ti 15 alloy. All the alloys exhibit the distinct glass transition, followed by a large supercooled liquid region before crystallization. The temperature interval of the supercooled liquid region (ÁT x ) of the glassy Cu 60 Hf 25 Ti 15 alloy is 60 K. By the addition of a small amount of Mo, Ta or Nb, the ÁT x decreases, but still keeps large values of 51 K at 2 at%Ta, 46 K at 2 at%Nb and 40 K at 2 at%Mo, implying a high stability of the glassy state against crystallization.
The maximum diameter for glass formation was 4.0 mm at 2 at%Nb, 3.5 mm at 2 at%Ta and 1.5 mm at 2 at%Mo. Figure 3 shows DSC curves of the cast glassy (Cu 0:6 Hf 0:25 Ti 0:15 ) 98 Nb 2 alloy rods with diameters of 2, 3 and 4 mm, together with the data of the melt-spun glassy ribbon. T g , T x and heat of crystallization are nearly the same among the bulk and ribbon samples, being consistent with the results obtained from XRD.
Then, we discuss the reason for the decrease of GFA of the Cu-based alloys containing Mo, Ta or Nb. It has previously been reported that the high GFA leading to the formation of a bulk glassy alloy is obtained in the multicomponent alloy systems with the following three component rules, [17] [18] [19] i.e.,
(1) multicomponent consisting of more than three elements, (2) significant atomic size mismatches above 12%, and (3) suitable negative heats of mixing among the major constitutional elements. In the Cu-Hf-Ti system, their atomic sizes change in the order of Hf > Ti > Cu and the atomic size ratios are 1.25 for Hf/Cu and 1.15 for Ti/Cu. 20) In addition, Effects of Additional Elements on the Glass Formation and Corrosion Behavior of Bulk Glassy Cu-Hf-Ti Alloysthe heats of mixing have been estimated to be À9 kJ/mol for Cu-Ti, À17 kJ/mol for Cu-Hf, and 0 kJ/mol for Hf-Ti. 21) These data on the atomic size ratios and heats of mixing indicate that the present Cu-Hf-Ti system satisfies the three component rules. The Cu in the Cu-Hf-Ti-(Mo, Ta and Nb) alloys is a main element. It is reasonable to consider only atomic size ratios and heats of mixing of Cu-M (Mo, Ta and Nb) atomic pairs. The atomic size ratios are 1.12 for Nb/Cu, 1.12 for Ta/Cu and 1.06 for Mo/Cu. 20) The heats of mixing have been estimated to be 3 kJ/mol for Nb/Cu, 2 kJ/mol for Ta/Cu and 19 kJ/mol for Mo/Cu. 21) It is clear that the addition of Nb, Ta and Mo generates the bonding pairs of Cu-Nb, CuTa and Cu-Mo with samll size mismatches and positive heats of mixing. The Cu-Mo atomic pair has an especially large positive heat of mixing. These insufficient conditions are thought to result in a decrease in ÁT x through the reduction of the nucleation barrier for crystallization for the Cu-Hf-Ti alloys, indicating that ÁT x is still one of important parameters for the formation of bulk glassy alloys. The decrease in ÁT x is more distinct for the Mo-containing alloy because the Cu-Mo atomic pair has a small size mismatch and a larger positive heat of mixing.
We further examined the effect of addition Mo, Ta The corrosion behavior of the bulk glassy (Cu 0:6 Hf 0:25 Ti 0:15 ) 98 M 2 (M = Mo, Ta and Nb) alloys was also examined by the anodic polarization measurement. Figure 5 shows their anodic polarization curves in 3% NaCl solution open to air at 298 K. It is seen that the specimens are spontaneously passivated, though they suffer pitting corrosion by anodic polarization. The bulk glassy Cu 60 Hf 25 Ti 15 alloy is spontaneously passivated. However, judging from the fact that the anodic current density increases rapidly with increasing potential, its surface film is not stable by anodic polarization. The glassy alloys containing Mo, Ta and Nb exhibit higher corrosion potential and lower anodic passive current density, indicating the achievement of higher corrosion resistance. It is also clear that Ta and Nb is more effective than Mo on increasing the corrosion resistance. It is well known that Nb, Ta, Ti, Zr and Hf elements are corrosion-resistant elements in aggressive acids with low oxidizing ability. We have suggested that the addition of Nb to the Cu-Zr-Ti bulk glassy alloy decreases the concentration of Cu in surface film and increases that of Zr, Ti and Nb, leading to the formation of Zr(Ti and Nb)-rich protective surface. 22) Considering the similarities of atomic electronic negativity and chemical properties between Zr and Hf elements belonging to the same group number in the periodic table, 20) the addition of Nb or Ta to the Cu-Hf-Ti glassy alloy is also supposed to be beneficial to form the protectiveness of Hf(Ti, Ta or Nb)-rich surface film by decreasing Cu concentration in the surface film. More investigation is necessary for clarifying the effect of additional elements Nb and Ta.
Summary
We have searched for a new Cu-based bulk glassy alloy with good mechanical properties in conjunction with higher corrosion resistance. In the (Cu Nb and Ta, the 2 at%Ta and 2 at%Nb alloys were able to form glassy rods with diameters up to 3.5 mm and 4.0 mm. The corrosion rates of the 2 at%Ta and 2 at%Nb alloys decrease to 1/2 in 1 N HCl solution and two orders of magnitude in 3% NaCl solution in comparison with that of the Cu 60 Hf 25 Ti 15 alloy. The good combination of high glass-forming ability, good mechanical properties and high corrosion resistance for the Cu-based alloys is encouraging for future development as a new type of bulk structure material.
